The effect of addition of gramine on mild steel dissolution in deaerated 1.0 M hydrochloric acid was studied through potentiodynamic polarisation curves, electrochemical impedance spectroscopy and gravimetric measurements in the temperature range from 25°C to 55°C. Gramine was found to shift the corrosion potentials towards less noble values and decrease both dissolution of mild steel and hydrogen evolution reaction. Gramine did not affect the corrosion reaction mechanism (blocking effect). Results obtained from the several measurement techniques were in good agreement and revealed good inhibition efficiencies in the concentration range (0.75 mM Ä 7.5 mM) particularly at higher concentrations.
Introduction
Corrosion is costly and severe materials science problem. The corrosion of mild steel is the most common form of corrosion, especially in acid solution. It has received a considerable attention as a result of its industrial importance, for example in the chemical cleaning and processing, oil well acidizing, petrochemical industry. Mild steel which is subjected to painting, electroplating, phosphate coating, cold rolling, must have a clean surface free from oxide scale. To remove unwanted scale, the mild steel is immersed in an acid solution namely in an acid pickling bath. Hydrochloric acid solutions are by far the most widely used in pickling bath of mild steel. Because of the general aggressiveness of acid solutions, organic inhibitors are commonly used to reduce the corrosion attack on metallic materials [1] . Among the inhibitors which are effective in acid solutions there are nitrogen containing compounds such as derivatives of amines [2] [3] [4] pyridazine [5] , quinoline and pyridine [6] , pyrazole [7, 8] , pyrazine [9] , acridine [10] , benzimidazole [11] [12] [13] and triazole [14] [15] [16] [17] [18] [19] . Previous studies have shown that indole and some its derivatives display good inhibiting effects on steel and copper corrosion in acid solutions [20] [21] [22] [23] [24] [25] [26] [27] [28] . It is generally accepted that the primary step in the protecting action of an inhibitor in the acid metal corrosion is adsorption of the organic molecule onto the metal surface, which is usually oxide-free. The adsorption requires the existence of attractive forces between the metal surface (adsorbent) and the organic molecule (adsorbate). According to the type of forces, adsorption can be physisorption, chemisorption or a combination of both [29, 30] . Physisorption is weak undirected interaction and is due to electrostatic attraction between inhibiting organic ions or dipoles and the electrically charged surface of metal. The potential of zero charge plays an important role in the electrostatic adsorption process [31] . The charge on metal surface can be expressed in terms of potential difference (u) between the corrosion potential (E corr ) and the potential of zero charge (E pzc ) of the metal [ðuÞ ¼ E corr À E pzc ]. At E pzc the net charge on the metal is zero. At potentials more positive than E pzc the metal is positively charged and at potentials more negative than E pzc the metal is negatively charged. If u is negative adsorption of cations is favourite. On the contrary the adsorption of anions is favourite if u is positive. This occurs in the case of inorganic or organic ions as well as dipoles. A peculiarity of physisorption is that the ions or dipoles are non in direct physical contact with the metal. A layer of water molecules separates the metal from the ions or dipoles. Physisorption involves rapid interaction between adsorbent and adsorbate but it is also easily removed from surface with the temperature increase.
Chemisorption involves charge sharing or charge transfer from the adsorbate to adsorbent in order to form a coordinate type of bond. The adsorbent is in contact with the metal surface. It may take place in presence of heteroatoms (P, Se, S, N, O) with lone-pair electrons and/or p electrons due to the presence of multiple bonds or aromatic rings in the adsorbate. The organic inhibitors used generally have reactive functional groups which can be the sites for the chemisorption process. Chemical adsorption has a higher adsorption energy than physical adsorption and, hence, usually is irreversible. It takes place more slowly than physisorption and the temperature dependence shows higher inhibition efficiencies at higher temperatures [32] [33] [34] [35] . where v is the size ratio representing the number of water molecules replaced by one molecule of organic adsorbate. The adsorption process (1) reaches equilibrium when the chemical potential on the left side of the equation is equal to that of right. Depending on the means of expressing the chemical potential (site fractions, mole fractions, etc.) various isotherms of adsorption can be derived to describe the adsorption process [36, 37] .
The most frequently used isotherms to describe the adsorption process are: Langmuir, Frumkin, Hill de Boer, Parsons, Temkin, Flory-Huggins, Dhar-Flory-Huggins, and Bockris-Swinkels [38] .
Recently numerous efforts have been realised by research in environmental protection using green chemistry principles. This has been employed specifically in the field of corrosion, resulting in the decreased use of toxic inhibitors and the development of new environmentally friendly ones. Gramine, which occurs in different plant species such as in the sprouting barley and acer saccharinum, is a natural product at low environmental impact and is typical of the simpler indole alkaloids [39] . The aim of the present study was to study the inhibiting action of the gramine on the corrosion of mild steel in deaerated 1.0 M hydrochloric acid solutions in the temperature range of 25-55°C. The adsorption behaviour of the gramine was also analysed in order to choose the appropriate adsorption isotherm and determine the energy of adsorption.
Experimental
In order to study the inhibitive action of the gramine towards the corrosion of mild steel in acid solution, corrosion tests were performed in 1.0 M HCl solutions without or with different concentrations of inhibitor. The composition (w%) of the mild steel used in experimental was: C: 0.092; Mn: 0.239; Al: 0.037; Cr: 0.025; Si: 0.024; S: 0.020; Cu: 0.019; Nb: 0.006; Sn: 0.005; As: 0.0038; V: 0.002; Co: 0.002; Ti: 0.002; B: 0.0014 and balance Fe. The 1.0 M hydrochloric acid solutions were prepared from reagent grade concentrated acid and distilled water. Gramine (99%) was used in this study as purchased from the Aldrich. The compound was dissolved in 1.0 M HCl at various concentrations (from 0.75 mM Ä to 7.5 mM). The chemical structure of gramine is shown in Fig. 1 .
A mild steel cylinder pressed into a Teflon holder acted as a working electrode. Its working area of 1 cm 2 remained precisely fixed. Prior to each experiment the surface of working electrode was abraded sequentially with 120-320-600-800-1200 grade emery paper, rinsed with distilled water, degreased with acetone, dried with a stream of air. The electrode was then immediately inserted into a glass cell ASTM [40] Polarisation curves were recorded after the electrochemical impedance measurements on the same electrode without any surface treatment at 25°C; 35°C; 45°C and 55°C using the same EGG Potentiostat. The potential was scanned from À180 mV to + 180 mV versus E corr with the scan rate of 200 lV/S.
Weight-loss measurements were carried out using a thermostated 1.0 litre double-walled glass cell. The mild steel specimens were 30 mm Â 40 mm Â 3 mm in size. The specimens before each test, were placed in 1.0 M hydrochloric acid solutions for 1 h to homogenise the surface, then were washed, dried, weighed and plunged into the deaerated solution (1000 mL) thermostated at 25°C; 35°C; 45°C and 55 ± 0.1°C respectively. After two hours the specimens were removed, washed with distilled water, dried and reweighed to determine the overall weight loss. All measurements were repeated three times to check reproducibility. Table 1 gives the inhibition efficiencies (I.E. = h Â 100) and the gravimetric corrosion rates (R corr ) of mild steel in deaerated 1.0 M hydrochloric acid solutions at 25°C; 35°C; 45°C and 55°C.
Results

Weight loss measurements
The corrosion rates were expressed mg/cm 2 Â h and were calculated using the following equation:
where m1 is the initial weight before immersion, m2 the final weight after the corrosion test, A the geometrical surface area (28.2 cm 2 ), and t the period of corrosion test (2 h). The surface coverage degree (h) for different concentrations of inhibitor has been evaluated from corrosion rate measurements using the following equation:
where R 0 and R inh are the values of the corrosion rates of mild steel after immersion in uninhibited and inhibited, respectively. It can be seen that the addition of gramine strongly suppressed the corrosion of mild steel in 1.0 M hydrochloric acid solutions at the higher concentrations. The inhibition efficiencies increased with inhibitor concentration in the temperature range of 25-55°C, reaching a maximum value of 98% at 7.5 mM and 55°C. By increasing the inhibitor concentration, the part of metal surface covered by inhibitor molecules increases and that leads to an increase in the inhibition efficiencies.
3-(dimethylaminomethyl)-indole 
Polarisation curves
Figs. 2 and 3 show some typical anodic and cathodic potentiodynamic polarisation curves at 35°C and 55°C in deaerated 1.0 M HCl solutions without and with different concentrations of gramine.
The corrosion kinetic parameters obtained from these curves such as corrosion potentials (E corr ); corrosion current densities (i corr ) determined by extrapolation of the cathodic and anodic Tafel lines to the corrosion potential; cathodic and anodic Tafel slopes (b c and b a ); corrosion rates (R corr ); surface coverage degrees (h) calculated by the following equation:
where (i corr )1 and (i corr )2 are the corrosion current densities with and without inhibitor; the inhibition efficiencies are given in Table  2 .
The results reported reveal the strong inhibiting effect of the gramine at the higher concentrations of inhibitor. The more the inhibitor molecules adsorbed on mild steel surface, the bigger the values of surface coverage degree and of inhibitor efficiency. Moreover it can be seen the free corrosion potential shifts towards less noble values when the inhibitor is added. This indicates that gramine affects mainly the cathodic reaction, raising the cathodic overpotential more than the anodic one, i.e. gramine can be defined as a mixed-type inhibitor [41] [42] [43] . The anodic and cathodic curves were affected by the inhibitor. In particular, the polarisation curves when the inhibitor was added were shifted towards lower current densities with respect to the uninhibited one, generally retaining the same trend. As can be seen in Table 2 , this means that the addition of gramine reduced iron anodic dissolution and also retarded the hydrogen evolution reaction. Furthermore, the slope values of Tafel's line, b c and b a , remained almost unchanged upon addition of inhibitor. The approximately constant values of the Tafel slopes indicate that gramine does not change the corrosion mechanism of the mild steel in 1.0 M hydrochloric acid solutions i.e. adsorbed inhibitor acts, by simple blocking of active metal sites for both anodic and cathodic processes. In other words, gramine like other adsorption inhibitors, should undergo adsorption in electrical double layer. This limits the accessibility of the surface to the reacting ion H 3 O + , i.e. the gramine blocks part of the metal surface with respect to the corrosive medium and hence decreases the reaction rate without affecting the reaction mechanism [44, 45] .
Electrochemical impedance spectroscopy (EIS)
The effect of different concentration of gramine on corrosion of mild steel in 1.0 M hydrochloric acid solutions at 25; 35; 45 and 55°C by electrochemical impedance measurements was also studied. Some Nyquist plots are shown in Figs. 4 and 5.
It can be that the impedance response contains a single capacitive loop, corresponding to one time constant, whose size increased by increasing the concentration of gramine. The capacitive loop was attributed to a faradic process involving a charge transfer resistance in parallel with double-layer capacitance element [46] . This indicated that inhibitor molecules more and more adsorbed on the mild steel surface by increasing their concentration. Consequently gramine increased the charge transfer resistance at the electrode-electrolyte interface and then it had an increasing inhibition action on mild steel corrosion in 1.0 M hydrochloric acid solutions. It can be also noticed that the impedance spectra showed a depressed form of the capacitive loop. The centre of the experimental arc was displaced below the real axis. This phenomenon was related to the surface heterogeneity due to the microscopic roughness of the electrode surface and inhibitor adsorption [47] [48] [49] . The equivalent circuit of Fig. 6 fits well our experimental results.
In that equivalent circuit, R s is the solution resistance, R ct is the charge transfer resistance, and CPE is the constant phase element whose impedance is defined by the mathematical expression [50] : 
where T is the double-layer capacitance quantity; j is (À1) 1/2 ; x is angular frequency; n an exponent related to the phase angle. The exponent n is <1 and for the electrode-electrolyte interfaces usually assumes the values: 1 > n > 0.8 [51] . Considering that the impedance of a double-layer does not behave as an ideal capacitor, constant phase element is most often used to describe the frequency dependence of non ideal capacitive behaviour [52] . The non ideal double-layer capacitance depends on the electrode material, its surface preparation and whether or not absorbable molecules are present in the electrolyte solution. The deviations from ideal capacitance behaviour of the double layer at electrodes often become apparent at such electrodes where a faradic resistance is coupled with the capacitance. Consequently, instead of regular semicircular complex-plane plots, the Nyquist plots are arcs of semicircles, i.e. with centres depressed below Z' axis. The smoother and cleaner the electrode surface, the closer is the value of n to unity i.e. the closer to ideal capacitive behaviour [53] . The values of some elements fitted using the circuit of Fig. 6 are listed in Table  3 .
The data of n were generally lower in the inhibited solutions than that uninhibited ones. This is an indication that the inhibitor contributes to increase surface heterogeneity due to its adsorption at electrode-electrolyte interface [54] . The values of capacitance (C dl ) were calculated by the relation [50] :
where R ct charge transfer resistance, is a measure of the electron transfer across the electrode-electrolyte interface and it is inversely proportional to corrosion rate [55] . Table 3 shows that by increasing the gramine concentration the charge transfer resistance increased. The adsorption of gramine molecules on electrode-electrolyte interface modifies the interface structure and that can bring about an increase of R ct . Really the resulting inhibitor adsorption can insulate in some way the mild steel surface from the corrosive medium. Inhibition efficiency for different inhibitor concentrations was calculated according to following relation [56] :
where R ct and R 0 ct are the charge transfer resistances in the inhibited and uninhibited solutions respectively. Fig. 7 shows the effect of Table 3 Electrochemical data obtained from Nyquist plots for mild steel corrosion in deaerated 1.0 M HCl with different gramine concentrations at 25°C; 35°C; 45°C and 55°C. In the temperature range of 25-55°C can be seen that inhibition efficiency increased as the inhibitor concentration increased. Moreover at same inhibitor concentration the inhibition efficiency is almost unchanging in the temperature range of 25-55°C. That could indicate a relatively strong inhibitor-metal bond, like chemisorption.
Discussion
Effect of temperature
The effect of temperature can be accomplished by investigating the temperature dependence of the corrosion rates (see Table 2 ) obtained using Tafel extrapolation method. In the studied temperature range, the corrosion rates were found to increase with the increase in the temperature for both inhibited and uninhibited acid solutions while they decreased with the increase of inhibitor concentration for a given temperature. The temperature dependence of the corrosion rate (R corr ) can be expressed by Arrhenius equation:
where k is the corrosion rate constant, E is the activation energy, T is the absolute temperature and R is the universal gas constant. This equation can be represented graphically by plotting natural logarithm of the corrosion rates vs. 1/T without and with addition of various concentrations of gramine. The plots obtained were rough straight lines with linear regression coefficients from 0.94 to 0.98.
The E values were calculated from the slope, equals to ÀE/R of each straight line. Arrhenius plots are shown in Fig. 8 and values of E are listed in Table 4 . It can be seen that at lower concentrations the activation energy increased. This could be interpreted as physical adsorption which occurs in the first stage [57, 58] . At highest concentration, activation energy was found to decrease and these data agree with those reported in literature [59] . Unchanged or lowered activation energy is related to the existence of chemisorption [60] . The results obtained in the study could be interpreted by considering that at lower concentrations physisorption of gramine could be the prevailing mechanism and chemisorption at higher concentrations [61] .
Adsorption isotherm
Information on the interaction between the inhibitor molecules and the metal surface can be provided by adsorption isotherm. The inhibition efficiencies by electrochemical impedance spectroscopy had the same trend of those obtained by both the potentiodynamic polarisation curves and the weight loss measurements (see Tables  1-3 ). The data of weight loss, obtained by means of directed method, are more reliable than the indirect methods, like Tafel polarisation curves and electrochemical impedance spectroscopy. Therefore the surface coverage degrees calculated from weight loss measurements and corresponding to different concentrations of gramine in the 25-55°C temperature range, were used to study the adsorption behaviour of gramine and to choose the more suitable adsorption isotherm. Attempts were made to fit these values to various isotherms above-mentioned. The correlation coefficient was used to choose the isotherm that best fits the experimental data. The Langmuir's adsorption isotherm was found to be the best description of the adsorption behaviour of gramine on mild steel.
The Langmuir's isotherm can be written as follows: 
where h is the degree of surface coverage, C the molar inhibitor concentration in the bulk solution and k is the equilibrium constant of the process of adsorption which is correlated to the standard free energy ðÀDG 0 ðadsÞ Þ by the relation:
where 55.5 is the molar concentration of water in the solution [38] .
The linear relationships of ln h 1Àh versus ln C at temperatures of 25°C; 35°C; 45°C and 55°C according to Langmuir's isotherm is displayed in Fig. 9 .
The values of ln k obtained from the Langmuir's adsorption isotherm are listed in Table 5 It has been determined the value of À530 mV SEC for E pzc of the mild steel in 1.0 M hydrochloric acid solutions [31] . Considering the E corr values reported in Table 2 , the mild steel surface is positively charged and consequently it is difficult for the protonated gramine to approach the metal surface. In the presence of chloride ions, having a smaller degree of hydration, the specific adsorption is expected to be pronounced. Being specifically adsorbed, they create an excess negative charge towards the solution and favour the electrostatic adsorption of the cations [63] . Thus, by means of electrostatic attraction, portonated gramine can reach mild steelsolution interface, be easily adsorbed and could transfer p electrons from the aromatic gramine ring to the d-orbital of iron atom. So, in the process of adsorption both physisorption and chemisorption might take place [30] .
Effect of inhibitor on the capacitance
The data of Table 3 show that in general the magnitude of C dl , calculated by relation (6), decreases with increasing inhibitor concentration. The decrease in C dl could be in relation to the adsorption of inhibitor molecules at solution-metal interface [29] . According to the parallel-plate model for the electrical doublelayer:
where C dl is the capacitance per unit area of the condenser plates, d is the distance between the plates i.e. thickness of the electric double-layer, and e is the dielectric constant of material between the plates [64] . The decrease of C dl could be due to an increase in the thickness of the electrical double-layer and/or to a local dielectric constant decrease. Increase of d could be caused from the substitution of water molecules by adsorbed gramine. The dielectric constant of water is dependent on the electric field strength of the environment at solution-metal interface. The electric field due the adsorbed ions and/or organic dipoles orients the water molecules and their degree of orientation affects his electric constant. The more water is oriented, i.e. the more water dipoles are aligned, the lower is the dielectric constant. Adsorbed organic molecules having -COO À , -OH À , -NH 3 + groups and / or p electron system can lower the water mobility and consequently the dielectric constant [65] . Therefore it can be assumed that the dielectric constant decrease can be caused by orientation forces of the p-electron system and/or protonated inhibitor. In conclusion, the observed electrical properties of the gramine molecule in the double layer is consistent with physisorption and chemisorption of the inhibitor.
Conclusion
1. Gramine displayed good inhibitive properties towards the corrosion of mild steel in 1.0 M hydrochloric solutions in the temperature range of 25-55°C. 2. Data obtained from weight loss and electrochemical measurements have shown that the inhibiting effect of inhibitor increased by increasing its concentration. 3. Results of potentiodynamic polarisation curves indicated that gramine is a mixed-type inhibitor which affected both the anodic and cathodic reactions by simple blocking of the active metal sites, i.e. gramine did not change the corrosion mechanism of the mild steel in 1.0 M hydrochloric acid solutions. 4. The adsorption behaviour of gramine followed the Langmuir's isotherm. 5. Both physisorption and chemisorption seemed to contribute to the adsorptive behaviour of the inhibitor.
